A specific TATA binding protein-associated factor (TAF), dTAFII110͞ hTAF II135, interacts with cAMP response element binding protein (CREB) through its constitutive activation domain (CAD), which recruits a polymerase complex and activates transcription. The simplest explanation is that the TAF is a coactivator, but several studies have questioned this role of TAFs. Using a reverse two-hybrid analysis in yeast, we previously mapped the interaction between dTAF II110 (amino acid 1-308) and CREB to conserved hydrophobic amino acid residues in the CAD. (amino acid 1-308) . Enhancement of transcription activation by dTAFII110 in mammalian cells required interaction with both the CAD and TFIID and was inhibited by mutation of core hydrophobic residues in the CAD. These data demonstrate that dTAF II110͞hTAFII135 acts as a coactivator to recruit TFIID and polymerase and that this mechanism of activation is conserved in eukaryotes.
T ranscription of a protein-coding gene requires the assembly of a large complex of general transcription factors and coactivators at the promoter to position RNA polymerase II correctly at the start site, melt the template, and initiate synthesis of an mRNA transcript (1, 2) . The promoter-recognition factor, TATA binding protein (TBP), and RNA polymerase II often are isolated as components of large, preformed, multiprotein complexes in the cell, called TFIID and holoenzyme, respectively (3, 4) . Activators bind to components of either or both complexes, i.e., to TBP or to one of the TBP-associated factors (TAFs) of TFIID or to the many coactivators and mediators that associate with polymerase complexes (3, (5) (6) (7) , to establish a functional polymerase complex and stimulate the initiation of transcription.
The TAFs originally were proposed to serve as coactivators, molecules that bind activator and TFIID but not DNA, to mediate recruitment of TFIID to target promoters (8) . However, a number of studies have questioned the role of TAFs as coactivators for recruitment of the transcription machinery. Temperature-sensitive TAFs that disrupt IID assembly are not lethal in yeast (9, 10) , and TAFs were reported to serve other functions, including promoter recognition, chromatin remodeling, and covalent modification of transcription-regulating proteins (reviewed in ref. 6 ).
The cAMP response element (CRE) binding protein (CREB) binds constitutively to CRE-containing promoters and activates both basal and cAMP-mediated gene transcription in a variety of cell types (11) (12) (13) (14) (15) . These functions map to separate activation domains in CREB, a constitutive activation domain (CAD) and a kinase-inducible domain (KID) (15) (16) (17) . Although considerable attention has been focused on enhancement of transcription by phosphorylation of CREB on Ser-133 (18) , deletion of the CAD substantially compromises kinase-induced transcription by reducing basal transcription to nearly undetectable levels (15) . On the other hand, basal transcription activity of the CAD is independent of the KID and is unchanged by mutation of Ser-133 to Ala, which abolishes kinase-inducible transcription (15, 16, 18, 19) .
TFIID is a large, multisubunit complex, consisting of TBP and 10-12 TAFs that are generally well conserved from yeast to humans (3) . An important exception is that yeast do not contain a homologue of the metazoan TAF interacting with CREB (dTAF II 110͞ hTAF II 135) (20) (21) (22) . We previously showed that CREB binds to TFIID through its CAD and that this interaction is mediated by TAFs (23) . CREB and dTAF II 110 interact in a yeast two-hybrid assay (20, 24) , and the three subdomains in the CAD that are required for activation in vivo (25) also are required for this association (21) . Mutations in any of several hydrophobic residues within a conserved motif in the CAD abrogate interaction with dTAF II 110-AD in yeast (21) . A similar analysis defined a hydrophobic face in hTAF II 135, the human homologue of dTAF II 110, that is required for interaction with Sp1 and CREB (26) , suggesting that the two proteins interact through a shared hydrophobic surface.
The CREB͞TAF-interaction studies depended on the inability of CREB to activate transcription in yeast. The absence of a functional homologue of dTAF II 110͞hTAF II 135 in yeast (3) suggested to us that CREB might activate transcription in yeast if an appropriate target was provided for recruitment of yeast TFIID and a polymerase complex. To test this hypothesis, we constructed a hybrid TAF in which the domain of dTAF II 110 (amino acid 1-308) that interacts with CREB was fused to the yeast-scaffolding TAF that binds directly to yeast TBP, yTAF II 130 (27) . We also evaluated both the coactivator potential of the TAF, which requires simultaneous binding of the activator and TFIID, and the necessity for the hydrophobic surface of the CAD. The results strongly support a role for dTAF II 110͞hTAF II 135 as a coactivator that mediates recruitment of TFIID and RNA polymerase II by the CREB CAD to establish basal transcription, both in yeast and metazoans.
Materials and Methods
Expression and Purification of Proteins. Proteins were synthesized in vitro by coupled transcription͞translation (TNT system; Promega).
Coding regions for the wild-type or mutated CADs were subcloned into the pET-3d expression vector (Novagen). TNT reactions were performed according to the manufacturer's instructions, and excess salt was removed from the reaction products in a Sephadex G-25 spin column. Recombinant CREB-Gal-4 (CRG) proteins were expressed in baculovirus and purified from Sf9 nuclear extracts by using DNA-affinity chromatography, as described (28) .
Recruitment Assay. The recruitment assay, using agarose electrophoretic mobility shift, was reported elsewhere (29) . The method is an adaptation of the original agarose-electrophoretic mobility-shift assay (Ag-EMSA) method (30) for studying complex assembly of general factors in nuclear extracts. Probe DNA (150 bp), containing five Gal-4 binding sites (5XG) and a minimal TATA-containing promoter, was end-labeled with [ P]dATP by using the Klenow fragment of DNA polymerase. Five femtomoles of probe was incubated with 10 fmol of purified protein and 3 g of rat liver nuclear extract [RLNE, prepared as described previously (28, 31) ] in 1ϫ Ag-EMSA binding buffer (12.5 mM Hepes, pH 7.9͞12.5% glycerol͞5 mM MgCl 2 ͞70 mM KCl͞0.2 mM EDTA͞10 mM 2-mercaptoethanol͞0.5 mg/ml BSA͞40 g/ml poly-dIdC) for 15 min at 4°C. Reaction components were separated on a 1% Seakem agarose gel for 2 h at 100 V. The gel was dried overnight at room temperature and exposed to film to visualize labeled complexes. To determine whether specific proteins were included in the complexes, 1 l of primary antibody was mixed with 3 g of RLNE in 1ϫ Ag-EMSA binding buffer for 1 h at 4°C. Ten femtomoles of purified CRG protein, 2 l of biotinylated secondary antibody, and 3 l of streptavidin-coated Dynabeads were added, and the incubation was continued for 1 h at 4°C. Probe (5 fmol) then was added, and the samples were incubated for an additional 15 min at 4°C. Reaction components were separated on a 1% Seakem agarose gel and visualized, as described above.
Transient Transfection Experiments. Plasmid DNA was prepared by a standard CsCl͞EtdBr density gradient-purification method. Transfection experiments were performed with JEG3 choriocarcinoma cells in culture, using a calcium phosphate protocol, as described previously (19, 32) . Cells were cotransfected with 1 g of expression plasmid, 10 g of a 5XG-luciferase reporter plasmid, and 1 g pRL-SV to normalize for differences in transfection efficiency. Luciferase activity of cell lysates was determined by using the Dual Luciferase Assay kit (Promega) (33) .
Plasmids. Partial coding regions encompassing the mutations within the CAD were exchanged with the wild-type CRG sequence in pCRG (15) , using the SacI and HpaI sites. The dTAF II 110⌬N expression plasmid was constructed from the full-length clone pT␤-dTAF II 110 (R. Tjian; ref. 34 ) by using site-directed mutagenesis to insert a SalI site at codon 6. This site then was used in conjunction with the naturally occurring SalI site at amino acid 308 to delete the N-terminal 308 aa of the TAF. pT␤-dTAF II 110⌬C was obtained from D. Wassarman (34) and contains a stop codon after amino acid 795, leading to a C-terminal truncation of the TAF protein. The TAF coding regions from these two plasmids and the full-length TAF were subcloned into the mammalian expression vector pRT by exchanging NcoI͞BamHI fragments with that of pRT-CREB (19) .
To prepare yeast expression plasmids for the hybrid TAF proteins, a SalI site and a stop codon were inserted at the 3Ј boundary of the coding region of pET-his-myc-yTAF II 130N100 (P. Weil) (27) by site-directed mutagenesis. The N-terminal 308 aa of dTAF II 110 were transferred from pT␤-dTAF II 110 ϩ SalI into this plasmid at the new SalI site. The TAF coding regions of the new plasmids and control plasmids, yTAF II 130N100 and the dTAF II 110 1-308, were inserted as AflII͞BglII fragments into the yeast expression plasmid pGAD-10 (CLONTECH).
pGN-G4-VP16 was constructed by inserting the BamHI fragment from pG4-VP16 (S. Triezenberg) into the BamHI site of the yeast expression vector pGN-1 (35) . G4-VDR (vitamin D receptor) (pAS-1-VDR) and TFIIB-AD (pGAD.GH-TFIIB-WT) were described by MacDonald et al. (36) .
Yeast Strain and Analyses. The yeast strain Y-153 (gal4
Gal:LacZ, etc.) was described by the S. Elledge laboratory (37) . Yeast were transformed as described previously (21, 38) . Yeast protein lysates were prepared by glass-bead lysis, as described previously (21) . For the quantitative liquid assay, 2-5 mg of protein lysate was added to 1 ml of Z buffer and incubated with 200 l of 4 mg͞ml o-nitrophenyl-␤-D-galactopyranoside at 30°C until a yellow color developed. The reaction was stopped with 0.5 ml of 1 M Na 2 CO 3 , and the absorbance at 420 nm was determined spectrophotometrically. To obtain specific activities, values were adjusted for incubation time and protein concentration.
Results

A Hybrid TAF Recognizing the CAD and Yeast TBP Is Sufficient to
Mediate Activation in Yeast. CREB does not activate transcription in Saccharomyces cerevisiae (20, 21) . Yeast do not express a functional homologue of the dTAF II 110͞hTAF II 135 subunit of TFIID that recognizes the CREB CAD (3). Other activators, such as Sp1, that interact with dTAF II 110͞hTAF II 135 also fail to activate transcription in yeast (8, 39) . Those observations suggested to us that the failure of CREB to activate transcription in yeast may result from the lack of a coactivator TAF in yeast TFIID. We predicted that integration of the CREB-interacting domain of dTAF II 110 into yeast TFIID would allow CREB to activate transcription in yeast. Accordingly, we designed an expression vector encoding a hybrid TAF (labeled 110-yST in Fig. 1A) , in which the CREB CADinteracting domain of dTAF II 110 (amino acid 1-308, labeled 110 in Fig. 1 A) is fused to the domain of the yeast scaffolding TAF, yTAF II 130 (amino acid 1-100, labeled yST in Fig. 1 A) , that directly binds to TBP (ref. 27 ; Fig. 1 A) . Yeast strain Y-153, bearing a Gal-4-LacZ reporter gene and lacking endogenous Gal-4 protein, was transformed with the expression plasmid for the fusion protein, or a control plasmid expressing either domain alone, together with a CAD-G4 expression plasmid. Transformants were assayed for ␤-galactosidase activity. Fig. 1B shows that the CAD alone did not activate the reporter, nor did either of the components of the hybrid TAF, yST or 110. In contrast, the hybrid TAF (110-yST: dTAF II 110-yTAF II 130) fusion protein mediated substantial activation by the CREB CAD in yeast, indicating that the provision of a coactivator for recruitment of TFIID is sufficient to allow transcription activation.
To determine whether the result obtained with the hybrid TAF was specific for the CREB CAD, we tested two other activators in this system. The viral activator VP16 does not interact with dTAF II 110͞hTAF II 135 but does interact with TFIIB (40) . The VDR interacts with dTAF II 110 in a domain beyond the N-terminal 308 aa used in this experiment (41) and also interacts with TFIIB (36) . To control for proper expression and activity by G4-VP16 and G4-VDR, we used a standard two-hybrid assay with a TFIIB-AD plasmid expressing the target domain of TFIIB fused to the yeast Gal-4 activation domain (IIB-AD, Fig. 2A ). Yeast were transformed with expression plasmids for CAD-G4, G4-VP16, or G4-VDR, along with the hybrid TAF or TFIIB-AD. As predicted, the hybrid TAF (110-yST) mediated activation by CAD-G4 but not by G4-VP16 or G4-VDR (Fig. 2B) . Conversely, IIB-AD mediated activation by G4-VP16 or G4-VDR but not by CAD-G4. Thus, all pairs of proteins had the specificity expected from their previously characterized interactions, indicating that stimulation by the hybrid TAF of transcription activation in yeast was selective. Together, these data indicate that provision of a CREB-interacting subunit in the yeast TFIID complex is sufficient to confer specific activation by the CREB CAD in yeast. The results strongly suggest that dTAF II 110 serves as a coactivator of CAD-dependent transcription by acting as a direct target for the CAD to recruit TFIID and polymerase complexes. (20) and binds to the scaffolding hTAF II 250 through its C terminus (amino acid 796-921), integrating it into TFIID (42) (Fig. 3A) . Both domains would be required for coactivator function. To determine the contributions of the binding regions of dTAF II 110 to CAD activation, we tested dTAF II 110 constructs deleted of either domain for potentiation of CAD activation in mammalian cells. Full-length dTAF II 110 potentiated transcription activation by the CAD in vivo (Fig. 3B) . However, neither the N-terminal truncation (deleted of amino acid 1-308) nor the C-terminal truncation (deleted of amino acid 796-921) mutant of dTAF II 110 produced levels of luciferase dis- tinguishable from samples in which no dTAF II 110 expression vector was added. This result demonstrates that the regions of dTAF II 110 that interact with the CAD and integrate it into the TFIID complex are required for activation, as would be expected for a coactivator of the CREB CAD.
CAD Mutants That Are Defective for dTAFII110 Binding Fail to Recruit
an RNA Polymerase II Complex to the Promoter in Vitro. A prediction of the coactivator hypothesis for a TAF is that it will mediate recruitment of TFIID and a polymerase complex. We previously described an Ag-EMSA to measure activator-dependent formation of an RNA polymerase II-containing complex on a promoter DNA probe under the same conditions used to assay in vitro transcription activation (29) . The activator-dependent complex that forms on the promoter contains essential components of a functional polymerase complex, including RNA polymerase II, TBP, and TFIIB (29) . Here, we used this assay to assess recruitment by wild-type CAD and CAD mutants impaired for TAF binding. Western blotting with a Gal-4 antibody showed that similar amounts of CAD-G4 fusion proteins were synthesized in vitro (Fig. 4A) . CRG and KID-G4 were expressed in Sf9 cells, using recombinant baculovirus, and purified by DNA affinity chromatography. CRG, KID-G4, or CAD-G4 proteins were incubated with RLNE, as a source of DNA polymerase II (pol II) and general factors, and a 32 P-labeled DNA probe consisting of five Gal-4 binding sites and a minimal TATAcontaining promoter (5XGT). As observed previously (29), RLNE and probe alone (Fig. 4B, lane 1) formed only a small amount of complex on the DNA. The addition of CRG produced an abundant complex that contains RNA polymerase II, as shown by the reduced mobility obtained with an antibody against RNA polymerase II cross-linked with biotinylated secondary antibody and streptavidin beads (Fig. 3B, lane 10) . KID-G4 had no effect, as in a previous study (29) . CAD-G4 stimulated complex recruitment, but CAD-G4 mutants defective for interaction with dTAF II 110 produced only background amounts of complex. This result indicates that recruitment of a polymerase complex to the promoter requires the hydrophobic surface of the CAD that interacts with the dTAF II 110 subunit of TFIID. Thus, mutation of the CAD that prevents interaction with the TAF results in failure to recruit a polymerase complex.
CAD Mutants That Are Defective for dTAFII110 Binding and Recruitment also Are Impaired for Stimulation of Transcriptional Activation
in Mammalian Cells. Another prediction of the coactivator hypothesis for a TAF is that it will mediate transcription activation on recruitment of TFIID and a polymerase complex. To determine the functional significance of CAD͞TAF-mediated recruitment of RNA polymerase II observed in vitro, we tested TAF interaction-defective CAD mutants for activation of transcription in transiently transfected mammalian cells. The five CAD mutants that were most impaired for dTAF II 110͞AD interaction in the yeast two-hybrid assay were subcloned into mammalian expression vectors and cotransfected into JEG3 cells with a 5XGT-luciferase reporter plasmid and an expression vector for the full-length dTAF II 110 (Fig. 5) . None of the interactiondefective mutants stimulated transcription above the level seen in cells with no CAD expression plasmid. This result indicates that the CAD͞TAF interaction, which promotes recruitment in vitro, also is necessary for transcription activation in mammalian cells. Thus, the coactivator function of the TAF requires interaction with the CREB CAD to mediate polymerase recruitment and transcription activation.
Discussion
The work presented here provides a genetic link between the interaction of a specific TAF in TFIID with CREB, recruitment of a polymerase complex, and stimulation of transcription. The coactivator, dTAF II 110͞hTAF II 135, must interact with hydrophobic amino acids in the CREB CAD and with the scaffolding TAF of TFIID to recruit a polymerase complex and activate transcription. Loss-of-function and gain-of-function experiments indicate that the interaction between the CREB CAD and the TAF in TFIID is necessary and sufficient to mediate recruitment of a polymerase complex and to activate transcription, both in yeast and in mammalian cells. Recruitment is an essential step for any subsequent activities of CREB. Therefore, the CAD not only mediates basal transcription but also contributes to kinase-mediated transcription activation by CREB, which occurs through a concerted mechanism involving stimulation of subsequent steps in the transcriptioninitiation reaction (28) .
The demonstration that a hybrid TAF, which establishes communication between the promoter-recognition factor, TBP, and the CREB CAD, is sufficient to confer transcription activation in yeast provides strong evidence for an essential role of dTAF II 110͞ hTAF II 135 as a coactivator. Neither of the hybrid TAF's interaction domains had any effect alone. Therefore, they must be tethered to serve as a coactivator, rather than simply inducing allosteric changes 35 S label by using the TNT system. Protein samples were run through a sephadex G-25 spin column to remove excess salts from the reactions. An aliquot of each purified TNT sample (15 l) was tested by Western blotting with a primary antibody specific for the Gal-4 DNA binding domain to determine the amount synthesized. (B) Wild-type and mutant CAD proteins were tested for complex recruitment in an Ag-EMSA assay (see Materials and Methods). 32 P-labeled probe (5 fmol) was incubated with 3 g of RLNE and 10 fmol of the appropriate purified proteins as indicated. The sample in lane 10 included primary antibody specific for the large subunit of RNA polymerase II, biotinylated secondary antibody, and streptavidin-coated beads to supershift the complex. Reactions were incubated at 4°C for 15 min and then separated on a 1% Seakem agarose gel. The gel was dried and exposed to film to visualize the complexes.
in the proteins they bind. The recently characterized yeast homologue of dTAF II 110͞hTAF II 135, yTAF II 48 (43) , lacks the aminoterminal domain of metazoan TAFs that is required for interaction with CREB and Sp1. As a result, one would not expect yTAF II 48 to mediate activation by the mammalian transcription factors.
In contrast to the result with the 110-yST hybrid TAF reported here, when the N-terminal domain of dTAF II 110 was fused directly to yeast TBP (110-TBP), that hybrid did not confer activation by G4-Sp1 in yeast (44) . The different results obtained in these studies could be due to a difference between Sp1 and CREB CAD in the strength or type of interaction with dTAF II 110 or from different activities of the two hybrid TAFs, 110-TBP and 110-yST. In the CREB CAD, the main concentration of glutamine residues is distinct from the hydrophobic cluster of amino acids (21, 25) , whereas in the Sp1 activation domain, the glutamines are interspersed with hydrophobic residues (24) . Thus, despite the importance of the hydrophobic cluster of amino acids to both activators, they may interact differently with dTAF II 110. The other possibility is that the 110-TBP and 110-yST fusion proteins have significantly different activities. In this regard, Bai et al. (27) showed that the binding of yST to yTBP actually destabilized TBP binding to the TATA box. Thus, it is possible that the interaction between activator and TAF coactivator changes the nature of the interactions between the TAFs, TBP, and DNA in a way that would allow the 110-yST molecule to provide a function missing in the 110-TBP molecule. Regardless, our experiment clearly demonstrates that provision of a recognition surface for CREB within the yeast TFIID complex is sufficient for the activation of transcription.
Additional evidence that dTAF II 110 serves as a coactivator for CREB was provided by showing that deletion of the domains of dTAF II 110 binding the CAD or the scaffolding TAF that integrates it into TFIID complexes prevented augmentation of CAD-G4 activity. The potentiation of CAD-mediated transcription by fulllength dTAF II 110 suggests that it is functionally homologous with its mammalian counterpart hTAF II 135, as predicted from the conservation of sequence in the domains that interact with activators and scaffolding TAFs (22) . This result also suggests that a fraction of the TBP in cells is exchangeable and free to bind dTAF II 110, consistent with reports that the TFIID pool in mammalian cells is heterogeneous (3, 45, 46) . As a result, overexpression of dTAF II 110 may increase the proportion of the TFIID pool available to mediate transcription activation by the CAD. A similar effect was observed with augmentation of activation by steroid hormone receptors when cells were cotransfected with hTAF II 135, which serves as a coactivator for these regulators through a distinct domain in the TAF (41) .
The demonstration that mutations disrupting the CAD͞TAF interaction impair polymerase recruitment and transcription activation provides additional evidence for the role of dTAF II 110͞ hTAF II 135 as a coactivator. Although we cannot rule out the possibility that the CREB CAD interacts with other components of the polymerase complex, no such interaction has been demonstrated, and unphosphorylated CREB was incapable of binding holoenzyme in HeLa cell nuclear extracts (47, 48) . Thus, the available data are consistent with a sequential mechanism of polymerase recruitment, involving the recruitment of TFIID, followed by recruitment of the polymerase, as described in the original studies of template commitment (49, 50) . Our results are also consistent with experiments demonstrating that tethering of TFIID to a promoter can bypass the requirement for activator in establishing transcription (51-54), whereas tethering of holoenzyme cannot (54) .
The recruitment activity of CREB CAD, or other transcription factors binding TFIID, plays an important role in activation of kinase-induced transcription by CREB, because later steps in transcription activation are dependent on an assembled polymerase complex. The CAD was as effective as CRG in recruiting a functional polymerase complex to the promoter in single-round transcription assays (28) . A key finding of our previous studies was that phosphorylated KID-G4 could not stimulate recruitment or transcription effectively in any of the functional assays (28, 29) . In light of the present results, it seems clear that the lack of effect of phospho-KID is a consequence of the lack of recruitment of a polymerase complex. In some genes, the CREB CAD may play a primary role in this recruitment process, whereas in others, different factors, working alone or in concert with the CAD, may mediate recruitment. For example, mutation of the PEPCK CRE to a Gal-4 site in G4-PEPCK diminishes but does not eliminate basal activity of the gene (33) . Thus, CRG stimulates both basal and kinaseinducible activities of the G4-PEPCK promoter, whereas KID-G4 does not affect basal activity but stimulates induction of G4-PEPCK by PKA, because other factors have recruited a polymerase complex (33) . Thus, the CAD or another factor is required to assemble a polymerase complex so that phosphorylation of KID can stimulate its activity (28) .
The coactivator function of dTAF II 110͞hTAF II 135 documented here is an integral part of a concerted mechanism for maximal transcription activation by phosphorylated CREB and is consistent with observations in many different biological systems. Mutation of the CREs of many genes results in decreased basal transcription (11, 14, 55, 56) . Similarly, deletion of the CAD by an alternative splice in the CREB-related factor, CREM␣, inhibits transcription because CREM␣ competes for binding with full-length CREM, which retains the CAD (16, 57, 58) . Finally, trinucleotide expansions encoding polyglutamine regions inhibit the CAD͞TAF interaction with deleterious consequences for neurons (59) . Overexpression of polyglutamine repeats causes a dose-dependent inhibition of transcription and stimulates apoptosis, both of which are alleviated by over- expression of the coactivator, hTAF II 135 (59) . Thus, even though antiapoptotic pathways rely on kinase signaling to CREB to activate survival genes (60, 61) , the TAF-dependent recruitment activity of the CAD is an essential prerequisite to this activation. It will be interesting to determine which other factors or combinations of factors activate transcription in a similar manner, using TAF coactivators to establish a polymerase complex and distinct interactions to modify the activity of the polymerase complex to promote maximal transcription activation.
